Recombinant adeno-associated virus 2 (AAV) vectors transduction efficiency varies greatly in different cell types. We have described that a cellular protein, FKBP52, in its phosphorylated form interacts with the D-sequence in the viral inverted terminal repeat, inhibits viral second strand DNA synthesis, and limits transgene expression. Here we investigated the role of cellular heat-shock protein 90 (HSP90) in AAV transduction because FKBP52 forms a complex with HSP90, and because heat-shock treatment augments AAV transduction efficiency. Heat-shock treatment of HeLa cells resulted in tyrosine dephosphorylation of FKBP52, led to stabilization of the FKBP52-HSP90 complex, and resulted in ϳ6-fold increase in AAV transduction. However, when HeLa cells were pre-treated with tyrphostin 23, a specific inhibitor of cellular epidermal growth factor receptor tyrosine kinase, which phosphorylates FKBP52 at tyrosine residues, heat-shock treatment resulted in a further 18-fold increase in AAV transduction. HSP90 was shown to be a part of the FKBP52-AAV Dsequence complex, but HSP90 by itself did not bind to the D-sequence. Geldanamycin treatment, which disrupts the HSP90-FKBP52 complex, resulted in >22-fold increase in AAV transduction in heat-shock-treated cells compared with heat shock alone. Deliberate overexpression of the human HSP90 gene resulted in a significant decrease in AAV-mediated transduction in tyrphostin 23-treated cells, whereas down-modulation of HSP90 levels led to a decrease in HSP90-FKBP52-AAV D-sequence complex formation, resulting in a significant increase in AAV transduction following pre-treatment with tyrphostin 23. These studies suggest that the observed increase in AAV transduction efficiency following heat-shock treatment is unlikely to be mediated by HSP90 alone and that increased levels of HSP90, in the absence of heat shock, facilitate binding of FKBP52 to the AAV D-sequence, thereby leading to inhibition of AAV-mediated transgene expression. These studies have implications in the optimal use of recombinant AAV vectors in human gene therapy.
Adeno-associated virus (AAV), 1 type 2, a non-pathogenic human parvovirus, has gained attention as a vector for gene transfer and gene therapy . Although recombinant AAV vectors are currently in use in phase I/II clinical trials for gene therapy of cystic fibrosis and hemophilia B (1, 5, 8, 11, 22) , and have been shown to transduce a wide variety of cells and tissues in vitro and in vivo (2-4, 6, 7, 9, 10, 12-21, 23-25) , their transduction efficiency varies widely in different cell types. We and others have undertaken systematic studies to delineate various steps in the life cycle of AAV, which include viral binding and entry (26 -28) , intracellular trafficking (29 -35) , nuclear transport (29, 30, 34 -37) , and viral second strand DNA synthesis (38 -47) . The viral second strand DNA synthesis has been described by two independent laboratories to be the ratelimiting step, which leads to inefficient transduction by AAV vectors (38, 39) . We have reported that a 52-kDa cellular protein, FKBP52, which binds the immunosuppressant drug FK506 (48, 49) , interacts specifically with the D-sequence within the inverted terminal repeat of the AAV genome, is phosphorylated at tyrosine residues by the cellular epidermal growth factor receptor protein-tyrosine kinase (EGFR-PTK), and inhibits the viral second strand DNA synthesis leading to inefficient transgene expression (40 -47) . FKBP52 is a cellular chaperone protein (48 -50) and has been documented to interact with a 90-kDa cellular heat-shock protein (HSP90) to form a complex, which has been shown to mediate import of a number of cellular and viral proteins to the nucleus (51) (52) (53) (54) (55) . Although AAV transduction efficiency can be increased following heat-shock treatment (38, 56) , it remains unclear what role, if any, HSP90 plays in modulating FKBP52 interaction with the AAV D-sequence, and whether FKBP52-HSP90 complex is involved in modulating AAV-mediated transgene expression.
In this report, we present evidence that HSP90 is a part of the FKBP52-AAV D-sequence complex, but HSP90 itself does not bind to the D-sequence directly, although it can be phosphorylated at both serine/threonine and tyrosine residues in vitro. We also demonstrate that the poor binding of unphosphorylated FKBP52 to the D-sequence can be significantly enhanced in the presence of unphosphorylated HSP90. Furthermore, heat-shock treatment of HeLa cells, which leads to overexpression of HSP90, also leads to tyrosine dephosphorylation of FKBP52, which in turn results in an increase in AAV transduction efficiency. Treatment with geldanamycin, a specific inhibitor of HSP90 which dissociates HSP90 from FKBP52, also increases AAV transduction efficiency in heatshock-treated cells. These data led to the hypothesis that increased levels of HSP90 in heat-shock-treated cells facilitate the dissociation of FKBP52 from AAV D-sequence and thereby lead to a more efficient viral second strand DNA synthesis and, consequently, efficient transgene expression. This hypothesis was tested by deliberate overexpression of the human HSP90 gene in HeLa cells. However, this led to a significant decrease in AAV transduction efficiency. In contrast, stable transfection of the HSP90 gene in the antisense orientation reduced the levels of HSP90 in these cells, which led to a decrease in the HSP90-FKBP52-AAV D-sequence complex formation, and resulted in a significant increase in AAV-mediated transgene expression. These studies corroborate the notion that although HSP90 is a part of the complex between FKBP52 and the AAV D-sequence, the observed increase in AAV transduction efficiency following heat-shock treatment is unlikely to be mediated by increased levels of HSP90 alone. Our data also suggest that increased levels of HSP90, in the absence of heat-shock, facilitate binding of FKBP52 to the AAV D-sequence, and thus lead to inhibition of AAV-mediated transgene expression. Conversely, down-modulation of HSP90 levels decrease the extent of the complex formation between serine/threonine-phosphorylated forms of FKBP52 and the AAV D-sequence, resulting in augmentation in AAV-mediated transgene expression. We propose a model that helps explain the available data on the interaction between FKBP52 and HSP90 and its role in AAVmediated transgene expression.
EXPERIMENTAL PROCEDURES
Cells, Virus, Plasmids, Antibodies, and Chemicals-The human cervical carcinoma cell line, HeLa, was obtained from the American Type Culture Collection (ATCC, Manassas, VA) and maintained as monolayer cultures in Iscove's-modified Dulbecco's medium (IMDM) supplemented with 10% newborn calf serum and 1% (by volume) 100ϫ stock solution of antibiotics (10,000 units of penicillin ϩ 10,000 g of streptomycin). Highly purified stocks of a recombinant AAV vector containing the ␤-galactosidase (lacZ) reporter gene driven by the cytomegalovirus (CMV) immediate-early promoter (vCMVp-lacZ) were generated as described previously (14, 15) . Physical particle titers of recombinant vector stocks were determined by quantitative DNA slot blot analysis, as described previously (57) . Plasmids pQE-30 and pCMV-IRES2-EGFP were purchased from Qiagen (Valencia, CA) and Clontech (Palo Alto, CA), respectively. The plasmid pH6HSP90 was generously provided by Dr. Takayuki K. Nemoto (Nagasaki University, Nagasaki, Japan). Antibodies specific for human FKBP52, HSP90 (goat polyclonal IgG), and normal goat IgG were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies specific for FKBP52 and HSP90 (mouse monoclonal IgG 1 ) were obtained from Calbiochem. All chemicals used were purchased from Calbiochem or Sigma.
Preparation of Whole Cell Extracts (WCE)-WCE from HeLa cells were prepared according to the method of Muller (58) . In some experiments, WCE were prepared from HeLa cells following heat-shock treatment at 42.5°C for 4 h. Total protein concentration was determined by the Bio-Rad protein assay kit (Bio-Rad), and the extracts were frozen in liquid N 2 and stored at Ϫ70°C.
Electrophoretic Mobility Shift Assays (EMSA)-EMSA were performed as described previously (45, 47) . Briefly, DNA-binding reactions were performed in a volume of 20 l with 2 g of poly(dI-dC), 2 g of bovine serum albumin, and 12% glycerol in Tris buffer (10 mM Tris-HCl, 0.5 mM dithiothreitol, 25 mM NaCl, 5 mM MgCl 2 , 0.05% Nonidet P-40, pH 8.0). Ten g of proteins of each WCE were pre-incubated for 10 min at 25°C followed by the addition of 10,000 cpm of 32 P-labeled D-sequence synthetic oligonucleotide (5Ј-AGGAACCCCTAGTGATGGAG-3Ј) in the reaction mixture. The binding reaction was allowed to proceed for 30 min at 25°C. In some experiments, specific FKBP52 and HSP90 antibodies (goat IgG) were used in supershift assays as described previously (43, 59, 60) . Bound complexes were separated from the free probe on low ionic strength 4% polyacrylamide gels with Tris-glycine/ EDTA buffer, pH 8.5, containing 50 mM Tris-HCl, 380 mM glycine, and 2 mM EDTA. Following electrophoresis, the gel was dried in vacuum and autoradiographed at Ϫ70°C using Kodak X-Omat film. Densitometric scanning of autoradiographs for the quantitation of FKBP52-Dsequence complex formation was evaluated using ImageJ analysis software (National Institutes of Health, Bethesda).
In 32 P]ATP on 10% SDS-polyacrylamide gels followed by autoradiography with Kodak X-Omat film at Ϫ70°C. In some experiments, in vitro phosphorylation assays by both CKII and EGFR-PTK were also carried out by adding 200 M ATP instead of [␥-
32 P]ATP. The phosphorylated FKBP52 or HSP90 proteins were then used in EMSA with the radiolabeled AAV D-sequence probe as described above.
In Vitro Binding Assays-In vitro binding assays with purified HSP90 and FKBP52 were carried out as described previously (49) . Briefly, 2 g of FKBP52 and 3 g of HSP90 were mixed in a buffer containing 25 mM HEPES, 15 mM Tris, 50 mM KCl, 30 mM NaCl, 2.5 mM MgCl 2 , 1 mM EDTA, 10 mM 2-mercaptoethanol, 0.01% Tween 20, and 10% glycerol, pH 7.6, and incubated at 30°C for 1 h. The mixture was analyzed on 10% native polyacrylamide gels and used in EMSA with the radiolabeled AAV D-sequence probe as described above.
Preparation of Whole Cell Lysates (WCL) and Co-immunoprecipitation-WCL were prepared as described previously (45), with the following modifications. Briefly, HeLa cells were either mock-treated or treated with 10 M geldanamycin or 1 M radicicol and lysed in NETN buffer (0.5% Nonidet P-40 (Roche Applied Science), 1 mM EDTA, 50 mM Tris-HCl, pH 8.0, 120 mM NaCl) containing 1 mM dithiothreitol, 10 mM NaF, 2 mM Na 3 VO 4 , 0.5 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 10 g/ml leupeptin, and 10 g/ml pepstatin. Equivalent amounts (ϳ500 g) of WCLs were cleared of nonspecific binding by incubation with 0.25 g of normal goat IgG together with 20 l of protein G-agarose beads for 30 min at 4°C in an orbital shaker. After pre-clearing, 2 g of polyclonal anti-FKBP52 antibody (goat IgG) or 2 g of normal goat IgG (as a negative control) were added and incubated at 4°C for 1 h, followed by precipitation with protein G-agarose beads at 4°C for 12 h in the shaker. Pellets were collected by centrifugation at 2,500 rpm for 5 min at 4°C and washed four times with phosphatebuffered saline. After the final wash, the supernatant was aspirated and discarded, and the pellet was resuspended in 40 l of 1ϫ SDS sample buffer. Twenty l of resuspended pellet solutions were used for Western blotting with monoclonal anti-FKBP52 and anti-HSP90 antibodies (mouse IgG 1 ) as described below.
Western Blot Analyses-Western blotting was performed as described previously (65) . For immunoprecipitation, resuspended pellet solutions were boiled for 2-3 min. Twenty l of sample was separated by 10% SDS-PAGE and transferred to Immobilon-P membranes (Millipore, Bedford, MA). Membranes were blocked at 4°C for 12 h with 5% nonfat milk in 1ϫ Tris-buffered saline (TBS, 20 mM Tris-HCl, pH 7.5, 150 mM NaCl). Membranes were treated with monoclonal anti-FKBP52 antibody (1:1,000 dilution) or monoclonal anti-HSP90 antibody followed by horseradish peroxidase-conjugated anti-mouse IgG1 (1:7,000 dilution). To determine the levels of human HSP90 in transfected HeLa cells, ϳ1 ϫ 10 6 cells were seeded in culture dishes for 24 h, and WCLs were prepared as described above. Equivalent amounts (ϳ10 g) of WCLs were electrophoresed on SDS-polyacrylamide gels and transferred to Immobilon-P membranes. Membranes were treated with polyclonal anti-HSP90 antibody (1:500 dilution) followed by horseradish peroxidase-conjugated anti-goat IgG (1:7,000 dilution). Immunoreactive bands were visualized using chemiluminescence (ECL-Plus, Amersham Biosciences) and evaluated using ImageJ analysis software as described above.
Construction of Sense and Antisense Plasmid Vectors and Stable Transfection-The eukaryotic expression plasmids containing the cDNA sequence for human HSP90, in both sense and antisense orientations, under the control of the CMV immediate-early promoter were constructed by standard methods (26) . Briefly, HSP90 cDNA was obtained from plasmid pH6HSP90 following digestion with BamHI and SmaI and subcloned into the pCMV-IRES2-EGFP vector at the SmaI site by the blunt-ended cloning method. Approximately 4 ϫ 10 5 HeLa cells were seeded into each well in a 6-well plate in IMDM with 10% newborn calf serum for 24 h prior to transfection. Approximately 4 g of each plasmid carrying either the sense or the antisense HSP90 sequences were added to cells using LipofectAMINE TM Reagent (Invitrogen) according to the manufacturer's instructions. Twenty-four hours post-transfection, cells were cultured in the selective medium containing 400 g/ml geneticin (G418) (Invitrogen). Clones containing HSP90 sense and antisense vectors were obtained after 14 days of selection. Positive clones were identified by Western blotting using anti-HSP90 antibody as described above. Densitometric scanning was performed to determine the levels of HSP90 in control HeLa cells and in each individual clone.
Recombinant AAV Vector Transduction Assay-Approximately 1 ϫ 10 5 HeLa cells were plated in each well in a 12-well plate and incubated at 37°C for 12 h. Cells were washed once with IMDM and then infected at 37°C for 2 h with 2 ϫ 10 3 particles per cell of a recombinant AAV-lacZ vector as described previously (43) . Cells were incubated in complete IMDM containing 10% newborn calf serum and 1% antibiotics for 48 h. The ␤-galactosidase activity was measured using the GalactoLight Plus chemiluminescent reporter assay (Tropix, Inc., Bedford, MA) according to the manufacturer's instructions. Data were expressed as relative light units per g of total protein and were within the linear range of the assay.
RESULTS

HSP90 Is a Part of the FKBP52-AAV D-sequence Com-
plex-In our studies published previously (42-45), we documented that phosphorylated forms of cellular FKBP52 protein bind efficiently to the single-stranded D-sequence in the viral inverted terminal repeat. Because heat-shock treatment has been shown to augment AAV transduction efficiency (38, 56) , and because FKBP52 is known to form a complex with a cellular heat-shock protein, HSP90 (48, 50), we addressed the following two questions. First, does the heat-shock treatment lead to dephosphorylation of FKBP52? Second, is HSP90 a part of the FKBP52-AAV D-sequence complex? EMSA were performed using WCE prepared from HeLa cells because these cells contain FKBP52 predominantly phosphorylated at tyrosine residues (42) (43) (44) (45) . These results are shown in Fig. 1 . Consistent with previously published data (42) (43) (44) (45) , the AAV D-sequence probe (lane 1) formed a complex with the tyrosine-phosphorylated form of FKBP52 (closed arrow, lane 2). When WCE prepared from HeLa cells treated at 42.5°C for 4 h (heat-shock) were used, the same probe formed a complex that migrated faster because of tyrosine dephosphorylation of FKBP52 (closed arrowhead, lane 3). We have previously identified this band to be the serine/threonine-phosphorylated form of FKBP52 (43) . Because the serine/threonine-phosphorylated form of FKBP52 is less inhibitory than the tyrosine-phosphorylated form for AAV second strand synthesis (43) , these data are consistent with the conclusion that heat-shock treatment augments AAV transduction efficiency by mediating tyrosine dephosphorylation of FKBP52. When anti-FKBP52 antibodies were included in these assays, a supershift was seen with WCE prepared from untreated HeLa cells (open arrow, lane 4), which is consistent with our previously published reports (42, 43) . It is interesting to note, however, that when WCE prepared from HeLa cells following heat-shock treatment were used, the inclusion of anti-FKBP52 antibodies led to a supershifted band that migrated slower than that with untreated HeLa cells (open arrowhead, lane 5). Because heat-shock treatment leads to an increase in HSP90 levels (66, 67) , we suspected that this supershift was due most likely to the interaction of HSP90 with the FKBP52-AAV D-sequence complex. This possibility was tested by using anti-HSP90 antibodies in these assays. As is evident, anti-HSP90 antibodies also caused a supershift with WCE prepared from untreated HeLa cells that was indistinguishable from that with anti-FKBP52 antibodies (lane 6). Similar results were obtained when WCE prepared from HeLa cells following heat-shock were used (lane 7). These results corroborate the notion that (i) heat shock leads to tyrosine dephosphorylation of FKBP52, (ii) HSP90 is a part of the FKBP52-AAV D-sequence complex, and (iii) both tyrosine-and serine/threonine-phosphorylated forms of FKBP52 can interact with the AAV D-sequence-HSP90 complex. However, it remained unclear whether HSP90 interacts with the AAV Dsequence directly or indirectly through FKBP52. This was experimentally tested as follows.
HSP90 Can Be Phosphorylated at Both Serine/Threonine and Tyrosine Residues but Does Not Bind to AAV D-sequence
Directly-Previous studies (49, 68) have shown that HSP90 can be phosphorylated at serine/threonine residues by casein kinase II (CKII) in vitro. Whether HSP90 can also be phosphorylated at tyrosine residues has not been reported. We have reported previously (43) that FKBP52 can be phosphorylated at both serine/threonine and tyrosine residues by CKII and EGFR protein-tyrosine kinase, respectively. By using the same in vitro phosphorylation assays, we first examined whether purified HSP90 could be phosphorylated by EGFR. Purified FKBP52 was used as a positive control. These results, shown in and HSP90 (lanes 3 and 8) can be readily phosphorylated in vitro by both CKII and EGFR at serine/threonine and tyrosine residues, respectively. It was of interest to next determine whether the purified HSP90, with and without prior phosphorylation at serine/threonine or tyrosine residues, could bind to the AAV D-sequence. Purified FKBP52 and HSP90 proteins, with and without prior in vitro phosphorylation by CKII or EGFR, were used in EMSA with the D-sequence probe. These results are shown in 
Heat-shock Treatment Promotes the FKBP52-HSP90 Complex Formation, and HSP90 Can Be Dissociated from FKBP52
Complex by Treatment with Geldanamycin-Because all the data obtained thus far were from cell-free studies in vitro, we next examined the effect of heat-shock treatment on the FKBP52-HSP90 complex in intact cells. The following two types of experiments were carried out. In the first set, HeLa cells were either mock-treated or treated with geldanamycin, a benzoquinone ansamycin, which is known to dissociate the FKBP52-HSP90 complex (51, 69 -71) . In the second set, HeLa cells were subjected to heat-shock treatment at 42.5°C for 4 h. WCL were prepared, and equivalent amounts of proteins were analyzed on Western blots using anti-HSP90 or anti-FKBP52 antibodies. Equivalent amounts of WCL were also immunoprecipitated first with anti-FKBP52 antibodies followed by Western blot analyses. These results are shown in Fig. 3A . As can be seen, although the total amount of HSP90 in untreated HeLa cells (lane 1) remained unchanged in geldanamycin-treated cells (lane 2), heat-shock treatment caused a slight increase in the HSP90 level (lane 3), as has been reported previously (66, 72) . On the other hand, the total amount of FKBP52 did not change significantly in any of the conditions (Fig. 3B, lanes  1-3) . When WCL were immunoprecipitated with anti-FKBP52 antibodies prior to Western blot analyses, the total amount of HSP90 in geldanamycin-treated HeLa cells (Fig. 3A, lane 6) was significantly reduced compared with that in untreated cells (lane 5), and the heat-shock treatment significantly increased the complex formation between HSP90 and FKBP52 (lane 7). The total amounts of FKBP52 were approximately the same (Fig. 3B, lanes 5-7) . Immunoprecipitation with normal goat IgG (lane 4) was performed as a negative control. These results confirm that heat shock increases HSP90 expression, which in turn allows for a more efficient complex formation between FKBP52 and HSP90, and that this complex can be dissociated following treatment with geldanamycin.
Dissociation of HSP90-FKBP52-AAV D-sequence Complex Leads to a Significant Increase in AAV-mediated Transgene Expression but Only in Tyrphostin 23-and Heat-shock-treated
Cells-Based on our experiments, to be described later (see Fig.  7A ), in which we observed that HSP90 stabilizes the FKBP52-AAV D-sequence complex and prevents FKBP52 from dissociating from the D-sequence, we reasoned that increased levels of HSP90 would inhibit AAV second strand synthesis and therefore decrease AAV-mediated transgene expression. We wished to determine whether dissociation of the HSP90-FKBP52 complex would lead to an increase in AAV transduction efficiency. HeLa cells were treated with geldanamycin, known to dissociate the FKBP52-HSP90 complex (51, 69 -71) (Fig. 3) , and transduced with the recombinant AAV-lacZ vector, and the transgene expression was determined 48 h post-transduction. Mock-transduced cells, and cells treated with tyrphostin 23, a specific inhibitor of EGFR-PTK (41), and heat shock, both known to augment AAV transduction efficiency (38, 41, 56) , were used as appropriate controls. These results are shown in Fig. 4 . Consistent with studies published previously (38, 41, 56), both tyrphostin 23 and heat-shock treatments led to ϳ6-fold increase in AAV transduction efficiency. Surprisingly, geldanamycin treatment had little effect. Treatment with radicicol, another HSP90 inhibitor, also did not affect the transduction efficiency. Most interesting, however, in heat-shocktreated cells, both tyrphostin 23 and geldanamycin increased the transduction efficiency ϳ18-and ϳ22-fold, respectively. A significant increase in the transduction efficiency was also observed with radicicol in heat-shock-treated cells, and treatment with tyrphostin 23 ϩ geldanamycin also led to an increase in the AAV transduction efficiency. The simplest explanation to account for these results is that tyrosine dephosphorylation of FKBP52, which is mediated by both tyrphostin 23 and heat-shock treatments, is a prerequisite for geldanamycin-mediated dissociation of the FKBP52-HSP90 complex, which in turn leads to efficient viral second strand DNA synthesis resulting in an increase in the AAV transduction efficiency. However, it is intriguing that the heat-shock treatment increases AAV transduction efficiency, presumably through increased levels of HSP90, which should stabilize the FKBP52-AAV D-sequence complex and thus inhibit the viral second strand synthesis and transgene expression. This apparent paradox was pursued experimentally as follows.
AAV Transduction Efficiency Is Inhibited by Deliberate Overexpression of HSP90 and Is Significantly Augmented Following
Down-modulation of HSP90 Levels-The heat-shock treatment undoubtedly has a pleiotropic effect on HeLa cells, and although increased levels of HSP90 is one of the consequences of this treatment, it remains unclear whether the increased HSP90 levels directly mediate the observed increase in AAV transduction efficiency. In order to directly examine the role of HSP90 on AAV-mediated transgene expression in intact cells, we constructed eukaryotic expression plasmids containing the human HSP90 gene, in both sense and antisense orientations, under the control of the CMV promoter. HeLa cells were stably transfected with these plasmids separately, and individual clones were isolated. WCLs prepared from these clones were analyzed to detect the HSP90 levels by Western blot analyses using anti-HSP90 antibodies. Three representative clones from each group were pretreated with tyrphostin 23 and transduced with the recombinant AAV-lacZ vector. Transgene expression was determined 48 h post-transduction. Mock-transfected HeLa cells, with or without pre-treatment with tyrphostin 23, were used as appropriate controls. These results are shown in Fig. 5A . As can be seen, whereas tyrphostin 23 treatment led to ϳ6-fold increase in AAV transduction efficiency in control HeLa cells, in each of the clones overexpressing HSP90 (Fig.  5B, lanes 2-4) , the transgene expression was significantly inhibited, even following pre-treatment with tyrphostin. In contrast, in clones in which the endogenous levels of HSP90 were down-regulated (Fig. 5B, lanes 5-7) , an ϳ10 -15-fold increase in AAV transduction efficiency was observed. These data strongly suggest that there is an inverse correlation between HSP90 levels and the efficiency of AAV-mediated transgene expression and that the observed increase in AAV transduction efficiency following the heat-shock treatment is unlikely to be mediated by increased levels of HSP90 alone.
Down-modulation of HSP90 Levels Decreases the HSP90-FKBP52-AAV D-sequence Complex
Formation-Because we documented that the heat-shock treatment resulted in an increase in the FKBP52-HSP90 complex formation in intact cells (Fig. 3) , and that down-modulation of HSP90 levels augmented AAV transduction efficiency (Fig. 5) , it was next of interest to examine the role of HSP90 in the FKBP52-AAV D-sequence complex formation in cells that either overexpressed HSP90 or in which the levels of HSP90 were down-regulated. WCE prepared from HeLa cell clones stably transfected with a control plasmid vector and with sense-or antisense HSP90 expression plasmid vectors were used in supershift EMSA using anti-HSP90 antibodies. These results are shown in Fig. 6 . As can be seen, although the supershifted band by anti-HSP90 antibody in HeLa HSP90-sense clone (lane 4) remained unchanged compared with that in HeLa empty vector clone (lane 3), downmodulation of HSP90 levels in HeLa HSP90 antisense clone resulted in a significant decrease in the HSP90-FKBP52-AAV D-sequence complex formation (open arrowhead, lane 5). On the other hand, the supershifted band caused by anti-FKBP52 antibody did not change significantly in any of the conditions (data not shown, but see Fig. 7 ). Although not quantitative, we conclude from these data that HSP90 levels have a significant effect on the HSP90-FKBP52-AAV D-sequence complex formation. Whether alterations in the levels of HSP90 also affected the extent of tyrosine-dephosphorylated FKBP52-AAV D-sequence complex formation, which would correlate with AAV transduction efficiency, was tested as follows.
Down-modulation of HSP90 Levels Reduce the Extent of the Tyrosine-dephosphorylated FKBP52-AAV D-sequence Complex
Formation-Although unphosphorylated FKBP52 binds to the AAV D-sequence poorly (43) , and HSP90 levels have little effect on the extent of the tyrosine-phosphorylated FKBP52-AAV D-sequence complex formation (Fig. 6) , we wished to determine whether HSP90 had any effect on unphosphorylated or tyrosine-dephosphorylated FKBP52-AAV D-sequence complex formation. The following two sets of experiments were performed. In the first set, purified FKBP52 and HSP90 proteins, in their unphosphorylated forms, were used in EMSA with the AAV D-sequence probe. Consistent with our previous studies (43) , the results, shown in has been observed (Fig. 5 ). Because these data were obtained from cell-free studies in vitro, in the second set of experiments, we examined whether HSP90 levels also affect the FKBP52-AAV D-sequence complex in intact cells. EMSA were performed using WCE prepared from control HeLa cells or HSP90 senseand antisense HeLa cell clones. These results are shown in Fig.  7B . The AAV D-sequence probe (lane 1) formed a complex with the tyrosine-phosphorylated form of FKBP52 (arrow, lanes 2-5), the relative levels of which were determined by densitometric scanning to be very similar (densities of 4,721, 4,261, 4,164, and 4,425, respectively). Thus, HSP90 levels have no significant effect on tyrosine-phosphorylated forms of FKBP52 complexed with the AAV D-sequence. However, as can be seen in Fig. 7C , when cells were treated either with tyrphostin 23 or heat shock, the probe formed a complex that migrated faster because of tyrosine dephosphorylation of FKBP52 (closed arrowhead, lanes [1] [2] [3] [4] [5] [6] , consistent with our previous studies (41) (42) (43) (44) (45) . It is interesting that in HSP90 sense clone, pretreatment with tyrphostin 23 or heat shock led to an increase in the and co-receptors, fibroblast growth factor receptor 1 and/or ␣ V ␤ 5 integrin for viral entry (26, 27) , have been identified. Detailed studies on the mechanisms of intracellular viral trafficking and nuclear transport have also been published (29 -37) . We and others (38 -47) have invested considerable time and efforts in delineating the requirements and optimal conditions for the viral second strand DNA synthesis because the AAV genome is single-stranded and, therefore, transcriptionally inactive. During the course of these studies, we identified that phosphorylated forms of FKBP52 form a complex with the AAV D-sequence and play a critical role in regulating AAV transduction efficiency (42) (43) (44) (45) .
FKBP52 has also been shown to be a chaperone protein and plays a role in protein folding and delivery (48, 50, 51) . HSP90, a ubiquitous molecular chaperone, can bind to FKBP52 directly and form a heterocomplex with other proteins and receptors (48 -51, 53-55, 70) . The FKBP52-HSP90 complex mediates cytoplasmic transport of a number of cellular and viral proteins to the nucleus (50, 51, (53) (54) (55) . The pursuit of the questions whether HSP90 also interacts with the FKBP52-AAV Dsequence, and whether such an interaction is involved in the regulation of AAV second strand DNA synthesis, has led to the present studies, in which we have documented the following. Based on all available data, we propose a model, shown in Fig. 8 , that helps explain the complex interactions among FKBP52, HSP90, and the AAV D-sequence. In this model, the single-stranded D-sequence in the AAV inverted terminal repeat forms a complex with FKBP52 (Fig. 8, block F) , which is phosphorylated predominantly at tyrosine residues (Fig. 8 , red symbols) in these cells. HSP90 Fig. 8, block H) is also involved in the complex formation, which blocks the viral 3Ј-end and thus prevents the second strand DNA synthesis Fig. 8, middle  dotted box) . Following pre-treatment with tyrphostin (step 1), FKBP52 undergoes tyrosine dephosphorylation, is phosphorylated at serine/threonine residues (Fig. 8, green symbols) , and the complex remains bound to the AAV D-sequence, but a low level viral second strand DNA synthesis leads to a modest increase in AAV transduction efficiency. The outcome is essentially the same following heat-shock treatment (step 2) as in (step 1). Treatment with geldanamycin (step 3) has little effect on AAV transduction efficiency because the tyrosine-phosphorylated form of FKBP52 still remains bound to the AAV Dsequence, even though the FKBP52-HSP90 complex is dissociated. Following heat-shock and tyrphostin treatments (step 4), the FKBP52-HSP90 complex is dissociated from the AAV Dsequence, thus allowing efficient viral second strand DNA synthesis and, therefore, maximal increase in AAV transduction efficiency. Following treatments with geldanamycin and tyrphostin (step 5), the FKBP52-HSP90 complex is dissociated; FKBP52 undergoes tyrosine dephosphorylation, but the serine/ threonine-phosphorylated form of FKBP52 remains bound to the AAV D-sequence and allows low levels of viral second strand DNA synthesis and transgene expression. Finally, in cells pre-treated with heat shock and geldanamycin (step 6), the FKBP52-HSP90 complex is dissociated from the AAV Dsequence, which in turn allows efficient viral second strand DNA synthesis and maximal transgene expression.
In our recent studies with FKBP52-knockout mice, we have observed that AAV fails to traffic efficiently in primary hematopoietic cells from these mice (86) , whereas viral trafficking to the nucleus is significantly increased in cells from transgenic mice carrying the T-cell protein tyrosine phosphatase gene, which we have shown previously (43, 44) to catalyze tyrosine dephosphorylation of FKBP52. These data suggest that in addition to its crucial role in the viral second strand DNA synthesis, FKBP52 is also involved in intracellular trafficking and/or nuclear transport of AAV, especially because FKBP52 binds to HSP90, and because HSP90 also localizes at the nuclear pore complexes and facilitates the nuclear export of ribosomal proteins (73) . Thus, the HSP90-FKBP52 complex might also be involved in intracellular trafficking of AAV. In this context, it is noteworthy that cellular stress, which is known to augment AAV transduction efficiency (38, 56) , also regulates nucleocytoplasmic distribution of T-cell protein tyrosine phosphatase, which down-regulates signaling from EGFR (72), a known regulator of AAV transgene expression (40 -45) . Furthermore, the FKBP52-HSP90 complex is involved in interaction with dynein, a nucleotide-sensitive microtubule-associated protein (51) , which has been shown previously to be involved in intracellular trafficking of adenovirus type 2, JC virus, simian virus 40, and retrovirus (74 -77) , and dynamin, another nucleotide-sensitive microtubule-associated protein that has been shown to be involved in intracellular trafficking of AAV (30) .
The recently described role of HSP90 as a capacitor for morphological evolution (78 -80) may be of particular relevance to the cryptic life cycle of AAV. For example, during a natural course of infection, the wild-type AAV has been shown to establish a latent infection (81-84), and we hypothesize that the proviral integration and/or the maintenance of viral latency might be mediated by HSP90. Under conditions of cellular stress, known to lead to the rescue and replication of the proviral AAV genome (13, 46, 56, 81) , HSP90, tied up in its protective role (85), may no longer be able to maintain the latent phenotype. Further studies are warranted to explore this possibility.
Our ongoing studies on intracellular co-localization of FKBP52, HSP90, and AAV, using immunofluorescence and confocal microscopy, protein-protein interactions, and the development of HSP90-knockout mice, should allow us to gain a better understanding of the role of FKBP52 and HSP90 in various steps in the life cycle AAV, which may have implications in the use of recombinant AAV vectors in human gene therapy.
